A novel design concept of new periodic interdigital structure for total transmission is proposed from the perspective of electromagnetic (EM) field in this paper. The new structure is constructed in two-dimensional (2D) firstly by using the constructive interference of EM fields, and its transmission characteristic and band structure are calculated. Based on the calculated results, the interaction of the structure with EM fields is clearly demonstrated to provide a better physical understanding for the structure design. Meanwhile, the final three-dimensional (3D) implementation of the presented structure in actual printed circuit board is conducted for its potential applications. The maximum transmission frequency, bandgap and electric field distribution calculated by using the 2D structure and its final implementation all testify the validity of the realization process.
INTRODUCTION
Periodic structures composed of dielectric, metal or metallodielectric element exhibit a bandgap prohibiting the propagation of electromagnetic (EM) fields [1] . When periodic structures are operated at microwave and millimeter-wave frequencies, they are often referred as electromagnetic bandgap (EBG) structures. Recently, EBG structures have attracted much attention due to their wide applications in developing components for microwave and millimeter-wave devices as well as in antenna design [2] - [10] . For instance, EBG structures provide a popular solution to the mutual coupling reduction in patch antenna arrays [10] .
Some effective methods have been developed to analyze the characteristics of EBG structures, which mainly include direct numerical simulation of the structure [2] - [5] and the equivalent circuit model [6] - [10] . However, the underlying physical understanding of the aforementioned methods needs to be further investigated. To be more specific, the interaction of the structures with EM fields needs to be further revealed to provide a more general design methodology of periodic structure. Moreover, most of the research has been focused on the bandgap of periodic structures and little has been investigated on other characteristics of these structures.
In this paper, a novel design concept of new periodic interdigital structure for total transmission is presented from the perspective of EM field to provide a solution to the aforementioned problems. Firstly, the new interdigital structure for total transmission is constructed in 2D by using the constructive interference of EM fields. To reveal the interaction of the structure with EM fields, a complex permittivity obtained by the Drude model is set for the metal and there is no conduction current in the finite domain time difference (FDTD) calculation. The transmission response of the proposed structure is calculated to demonstrate the above design concept and the band structure is analyzed to investigate the bandgap. Then, the final 3D realization of the presented structure in practical printed circuit board (PCB) is conducted for its potential applications. A reference structure is developed as a benchmark. And the final implementation of the proposed structure and reference structure are simulated and measured to verify the realization process.
NEW INTERDIGITAL STRUCTURE IN 2D
Currently, one of the most important device developments concentrates on the structure whose electronic behavior is essentially 2D. In this paper, a metallic periodic structure for total transmission at microwave frequencies shown in Figure 1 is established in 2D from the perspective of constructive interference of EM fields. Figure 1(a) shows the unit cell of the new interdigital structure, which consists of a pair of anti-parallel interdigital located at a certain distance W. To verify above design concept, the transmission characteristic of the unit cell and three unit cells shown in Figure 1 (b) are calculated by the commercial software RSOFT Fullwave.
In the FDTD simulations, the width of the copper wu is set as 2 mm and other dimensions of the unit cell are chosen as: ha = 21 mm, hb = 10 mm, wa = 8 mm, W = 30 mm. The incident TE wave (electric field perpendicular to the plane of incidence) propagates along the z direction and has a wavelength of 22 mm. The grid size and the time step are chosen as 0.2 mm and 100/c s (where c is the velocity of electromagnetic wave in mm unit) respectively. Meanwhile, a 50 mm width of perfectly matched layer (PML) is added to both sides of the model along the x direction in RSOFT Fullwave. The metal is chosen as Cu material and its relative permittivity is set to be −1.596 × 10 5 − j × 7.65 × 10 7 , which is calculated by using following Drude model [11] at 13.6 GHz.
with
where n is conduction electron density, e is the magnitude of the electron charge, τ is the relaxation time, m is the electron mass, and ε 0 is the permittivity of free space. To investigate the steady state output of the new interdigital structure, the time averaged response of power transmission coefficient C T (t) is used and calculated by following equation [12] :
where T is the period of incident wave, t 0 is the initial time, E is electric field intensity, H is magnetic field intensity, A 1 and A 2 are the XY plane located within the calculated domain at the source and output of the structure respectively.
Through the calculation of Eq. (3), the transmission response of the proposed structure can be evaluated. Meanwhile, the transmission response under the circumstance of the incident wave propagating in the air medium is also investigated for comparison. The simulated results of transmission response are shown in Figure 2 . It is observed that when the incident wave propagates along the unit cell and three unit cells of the proposed structure, the steady power transmission coefficient are 91.0% and 91.9% respectively, demonstrating the nearly total transmission characteristic of the proposed structure; while the incident wave propagates in the air medium, there is only 44.2% power transmission. The response time of steady output of three unit cells is longer than that of the unit cell, which is easy to understand from the viewpoint of the propagation of EM fields. By tuning the length ha and hb of the proposed structure, the response time can also be adjusted. Namely, the introduced phase shift by the interdigital structure may be easily controlled and this will facilitate its potential applications.
The nearly total transmission phenomenon of the new interdigital structure can be explained qualitatively by the constructive interference between the travelling fields in the proposed structure occurred at the specified frequency [13] . When the proposed structure is absent, the incident wave propagates uniformly in the infinite free space and only limited power is received within a specific range. This can be verified by the electric field (E-field) distribution shown in Figure 3 .
It is worth mentioning that in the FDTD calculations, a complex permittivity is set for the metal and there is no conduction current so that the analysis of the structure is based on EM field instead of the circuit model. Through this way, the interaction of the structure with EM fields is clearly clarified to better understand the physical meaning behind the structure design. To be specific, we can know that how the incident wave propagates along the structure and when the response is stable. Meanwhile, since the analysis and design of the structure are conducted in 2D, the simulation time and computation memory will be greatly reduced.
The band structure of the presented structure is also calculated to investigate the bandgap and the calculation is performed by RSOFT BandSOLVE. Here, the FDTD method is used to extract frequency eigenvalues by identifying the peaks in spectrum response of the structure. The unit cell shown in Figure 1 (a) is employed in the band structure calculation, which has real space lattice vector of (bê x + aê z )and reciprocal lattice vector of 2π bk x + 2π/ak z , where a = ha + hb is the period along z-direction and b = W + 2 * wu + 5 is the width of calculated domain. Figure 4 (a) shows the wave vectors of Brillouin zone, where Γ is the central point, Mis located at k x = 0, k z = π/a and K is located at k x = 0, k z = −π/a. To obtain the variation of wave vectors along the z-direction, a periodic boundary condition and a PML boundary condition are applied in the z-direction and x-direction respectively. The calculated TE band structure is shown in Figure 4(b) , where an obvious bandgap and a minor bandgap marked as yellow shaded region can be observed. Hence, the EM fields at these frequencies cannot propagate in the new interdigital structure.
FINAL 3D REALIZATION

Considerations
For potential applications, the final 3D realization of new interdigital structure in actual PCBs should be investigated. The periodic dielectric structure presented in [14, 15] is actually a 2D structure. In the concrete EBG waveguide application, the periodic structure is covered with perfect electric conduc- tor (PEC). This configuration can be explained from the viewpoint of energy confinement, which means in 2D, the incident power can be easily confined by the structure for transmission; while in the final 3D realization, the method for energy confinement needs to be accomplished to achieve the same behavior with 2D condition. Therefore, the top and bottom PEC are introduced.
As for the metallic structure shown in Figure 1 , the incident power can be propagated through the air and constrained by the metal at both sides. For the final realization in actual PCB, we need to confine the power in the same way for transmission. Henceforth, the interdigital structure is reversed and a bottom ground plane is added. Specifically, the air medium in 2D corresponds to the metal of top plane in 3D realization and the metal in 2D corresponds to the air medium of top plane in 3D realization. The periodic structure at the top plane of final 3D realization can be regarded as the complementary counterpart of the interdigital structure in 2D.
The efficient excitation of the structure should be investigated as well. A microstrip line is used because of its fundamental mode where the electric field perpendicular to the substrate and the magnetic field parallel to the substrate surface [16] , and this excitation is consistent with the excitation used in 2D FDTD calculation essentially. Meanwhile, a tapered transition line is utilized to reduce the reflection coefficient caused by microstrip discontinuity. The correctness of this implementation process will be testified in the following section.
Results and discussions
Based on above considerations, the schematic layout of final realization for the proposed structure is shown in Figure 5(a) , where the middle part at the top plane of the substrate is the complement of new interdigital structure in 2D. To evaluate the performance of proposed structure, a reference structure shown in Figure 5 (b) is constructed with the same dielectric substrate, microstrip line and tapered transition. The dielectric substrate with a relative permittivity of 2.2 and thickness of 0.5 mm is employed in the simulation model, and the bottom ground plane of the substrate is covered with Cu material with conductivity of 5.8*10 7 S/m. The width of microstrip line is 1.5 mm corresponding to 50 Ω characteristic impedance and the length is chosen as 10 mm. The tapered transition line with transition length of 12 mm and width of 6 mm is placed in order to excite the structure more efficiently by reducing reflection coefficient. The total width is chosen as 40 mm.
The ultimate realizations of the proposed structure and the reference structure with above dimensions are simulated by the full-wave EM solver Ansoft High Frequency Structure Simulator (HFSS). And both structures are fabricated by Rogers RT/Duriod 5880 and shown in Figure 6 . The simulated and measured transmission responses are shown in Figure 7 , where good agreements between the simulations and measurements can be clearly seen.
For the final realization of the proposed structure in actual PCB, the maximum transmission frequency in the interested frequency range is at 13.8 GHz which is almost the same with 13.6 GHz in the 2D calculation, demonstrating the validity of the realization process. Although the power transmission in the final realization of the proposed structure at this frequency is 47.9% (the maximum transmission coefficient is -3.2 dB), much lower than 91.9% in the 2D case, the power transmission of the reference structure is only 0.7%. Therefore, the influence of the proposed structure on the transmission response can still be demonstrated. The power transmission of the final realization of the proposed structure may be greatly improved by further tuning the length and width of the tapered transition line to excite the structure more efficiently, as well as decreasing the relative permittivity and thickness of the substrate to better approximate to the 2D case. As can be seen in Figure 7 , there are an obvious bandgap from 9.7 GHz to 11.6 GHz and a minor bandgap from 13.1 GHz to 13.5 GHz for the final realization of the proposed structure. The normalized frequencies of the bandgap ωa/2πc are from 1.00 to 1.20 and from 1.35 to 1.40, which are just located within the bandgap obtained by the 2D calculation in Figure 4 (b). This indicates the correctness of the final 3D realization of the new interdigital structure.
To explain the characteristics of the final realization, the Efield distribution at the maximum transmission frequency and the frequency within the bandgap are investigated. As for the E-field distribution at the maximum transmission frequency illustrated in Figure 8 , the incident E-field propagates uniformly in the reference structure and little power is obtained at the received port; while the E-fields are constructively interfered in the final realization of the proposed structure and the received power is significantly improved. This phenomenon is very similar to the 2D calculation shown in Figure 3 . As for the E-field distribution at 10 GHz within the bandgap shown in Figure 9 , little E-filed can enter the final realization of the proposed structure and a large amount of E-field still exists in the reference structure. The E-field distribution under both circumstances demonstrated above further testifies the validity of the implementation process of the new interdigital structure.
It should be noted that in the 2D calculation, the air medium around the metallic interdigital structure seems infinite. However, total width of the metal in the final 3D realization needs to be limited. Therefore, the final realization of the proposed structure shown in Figure 5 (a) with different total widths is simulated to investigate how this parameter will affect the performance. Figure 10 shows the transmission coefficients corresponding to different total widths, where little influence of the total width on the transmission performance can be clearly seen. This will bring much convenience to the actual applications of the proposed structure.
CONCLUSION AND FUTURE WORK
A new design concept of periodic interdigital structure is presented from the perspective of EM field in this paper. Based on 2D FDTD calculation of the proposed structure, the power transmission coefficient is obtained, demonstrating the nearly total transmission characteristic of the structure. And the interaction of EM fields with the structure is revealed to better understand the structure design. The band structure is also calculated to investigate the bandgap. For the final 3D realization in actual PCBs, the proposed interdigital structure is reversed from the viewpoint of energy confinement and an efficient excitation is obtained. The maximum transmission frequency, bandgap, and E-field distribution in the calculation of the final 3D realization are consistent with the 2D calculations, which all verify the implementation process of the proposed structure.
A direct application of the proposed structure is to construct a wideband bandstop filter by using the bandgap. With the help of other techniques (like the defected ground structure) to generate a new bandgap, a bandpass filter could be implemented by adjusting the nearly total transmission region between the bandgap of the proposed structure and the new bandgap. Moreover, we can let the reflected wave caused by the unmatched load pass through the two proposed structures with different phase delays. By adjusting the length of the two structures, we may make their outputs interfere destructively to realize the impedance matching. Theoretically, this method for impedance matching is applicable for any kind of loads. Our future work will be focused on the concrete applications of the new interdigital structure.
